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Indole prenyltransferases AnaPT, CdpC3PT, and
CdpNPT are known to catalyze the formation of
prenylated pyrroloindoline diketopiperazines from
tryptophan-containing cyclic dipeptides in one-step
reactions. In this study, we investigated the different
stereoselectivities of these enzymes toward all the
stereoisomers of cyclo-Trp-Ala and cyclo-Trp-Pro.
The stereoselectivities of AnaPT and CdpC3PT
mainly depend on the configuration of the trypto-
phanyl moiety in the substrates, and they usually
introduce the prenyl moiety from the opposite sides.
CdpNPT showed lower stereoselectivity, and the
structure of the second amino acid moiety in the
substrates is important for the stereospecificity in
its enzyme catalysis. Moreover, we determined the
crystal structure of AnaPT in complex with thiolodi-
phosphate and compared it with the known struc-
tures of CdpNPT. Our results clearly revealed the
presence of an indole binding mode that has so far
not been characterized.
INTRODUCTION
Prenylated indole alkaloids are mainly found in the families
of Clavicipitaceae and Trichocomaceae of Ascomycota and
possess important pharmacological and biological activities
(Williams et al., 2000; Li, 2010; Wallwey and Li, 2011; Schardl
et al., 2006; Uhlig et al., 2009). Prenylated pyrroloindoline diketo-
piperazines, a subgroup of these alkaloids, contain a 6/5/5/
6-fused tetracyclic core with at least three chiral centers (Fig-
ure S1A available online; Du et al., 2009; Takase et al., 1985;
Wakana et al., 2006; Scott and Kennedy, 1976; Reshetilova
et al., 1995; O’Brien et al., 2006). Their structural complexity pro-
hibited a conventional synthesis of these compounds (Ruiz-San-
chis et al., 2011; Lindel et al., 2012). In previous studies, three
C3-prenyltransferases belonging to the dimethylallyltryptophan
synthase (DMATS) superfamily were identified and character-
ized biochemically, i.e. AnaPT and CdpC3PT from Neosartorya
fischeri and CdpNPT from Aspergillus fumigatus (Yin et al.,
2007, 2009b, 2010b). These enzymes introduce a dimethylallyl1492 Chemistry & Biology 20, 1492–1501, December 19, 2013 ª2013moiety at position C-3 of a tryptophanyl group. In addition,
they also catalyze the formation of a five-membered ring be-
tween the original indole and diketopiperazine rings, resulting
in the formation of prenylated pyrroloindoline diketopiperazines
that show a cis-configuration between H-2 and the C3-dimethy-
lallyl moiety (Figure S1A). An attack of the dimethylallyl cation by
C-3 of the indole ring was proposed to be the first step in the
reaction mechanism, resulting in the formation of an intermedi-
ate with a positive charge at C-2. This is followed by the forma-
tion of a C-N bond between C-2 and N-12, with a positive charge
at N-12. Release of a proton from N-12 then leads to the enzy-
matic products (Schuller et al., 2012; Jost et al., 2010; Yin
et al., 2010a). The substrate promiscuity of AnaPT, CdpC3PT,
and CdpNPT toward tryptophan-containing cyclic dipeptides
provided evidence for their potential application as catalysts
for highly regio- and stereoselective conversions (Yin et al.,
2007, 2010a, 2010b; Schuller et al., 2012). For example, four
aszonalenin stereoisomers were prepared from benzodiazepi-
nedione enantiomers by using AnaPT and CdpNPT (Yin et al.,
2009a). However, most of the reported cyclic dipeptides usually
contained only L-configured amino acid moieties, and little was
known about their behavior on substrates with D-configured
amino acid moieties. To define the stereospecificities of AnaPT,
CdpC3PT, and CdpNPT, we carried out enzyme incubation with
four cyclo-Trp-Ala isomers (1a–4a) and four cyclo-Trp-Pro iso-
mers (5a–8a) and analyzed the chemical structures of the enzy-
matic products.RESULTS AND DISCUSSION
Detection of Different Preferences toward
Stereoisomers
The cyclo-Trp-Ala (1a-4a) and cyclo-Trp-Pro isomers (5a–8a)
(Table 1) were synthesized according to the methods published
previously (Wollinsky et al., 2012a; Yin et al., 2013). Incubation
was carried out with 1 mM of each cyclic dipeptide and 8 mM
of AnaPT, CdpC3PT, or CdpNPT in the presence of DMAPP
for 3 hr. Assays with heat-inactivated proteins, by boiling for
20min, were used as negative controls. High-performance liquid
chromatography (HPLC) analysis of the incubation mixtures
showed that isomers of cyclo-Trp-Ala (1a–4a) were accepted
at a moderate to relatively high level by the three enzymes (Fig-
ure 1A). Product formation was found to be in the range of
13.9%–52.4% in the assays with AnaPT and CdpC3PT (Table 1).Elsevier Ltd All rights reserved
Table 1. Conversion of cyclo-Trp-Ala (1a–4a) and cyclo-Trp-Pro Isomers (5a–8a) Catalyzed by AnaPT, CdpC3PT, and CdpNPT
Substrate
Conversion (%)
AnaPT CdpC3PT CdpNPT
P.F. Anti- (1b–8b) Syn- (7c) P.F. Anti- (7b) Syn- (1c–8c) P.F. Anti- (1b–5b, 7b, 8b) Syn- (1c–7c)
cyclo-L-Trp-L-Ala (1a) 39.7 39.7 n.d. 52.4 n.d. 39.5 72.5 38.4 22.0
cyclo-L-Trp-D-Ala (2a) 29.1 29.1 n.d. 34.2 n.d. 32.0 86.2 34.3 51.9
cyclo-D-Trp-D-Ala (3a) 13.9 10.8 n.d. 15.9 n.d. 11.0 87.0 72.7 2.6 (n.i.)
cyclo-D-Trp-L-Ala (4a) 21.7 21.7 n.d. 17.8 n.d. 17.8 62.3 26.1 36.2
cyclo-L-Trp-L-Pro (5a) 15.2 15.2 n.d. 88.3 n.d. 58.3 89.6 4.8 75.1
cyclo-L-Trp-D-Pro (6a) 30.0 23.9 (n.i.) n.d. 76.1 n.d. 69.6 68.5 n.d. 62.5
cyclo-D-Trp-D-Pro (7a) 7.1 3.2 0.2 26.0 2.7 2.7 98.0 94.1 2.0 (n.i.)
cyclo-D-Trp-L-Pro (8a) 8.7 5.6 (n.i.) n.d. 5.1 n.d. 3.7 86.5 25.6 (n.i.) n.d.
The assays contained 1 mM cyclic dipeptides, 8 mM of the recombinant enzymes each and were incubated at 37C for 3 hr. The structures of the
enzyme products are given in Table S2. P.F., product formation; Anti-, conversion yields of anti-cis configured prenylated pyrroloindoline diketopiper-
azines; Syn-, conversion yields of syn-cis configured prenylated pyrroloindoline diketopiperazines; n.d., not detected; and n.i., not isolated.
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Mechanism of Stereoselective PrenylationIn comparison to those of 13.9% for cyclo-D-Trp-D-Ala (3a) and
21.7% for cyclo-D-Trp-L-Ala (4a), AnaPT accepted cyclo-L-Trp-
L-Ala (1a) and cyclo-L-Trp-D-Ala (2a) significantly better (Table 1)
with product formation at 39.7% and 29.1%, respectively. These
results indicated the preference of AnaPT for the L-configured
tryptophanyl moiety. CdpC3PT displayed a similar behavior as
AnaPT. The product formation of cyclo-L-Trp-L-Ala (1a) at
52.4% and cyclo-L-Trp-D-Ala (2a) at 34.2% were twice or
even higher than those for cyclo-D-Trp-D-Ala (3a) and cyclo-D-
Trp-L-Ala (4a). As given in Table 1, CdpNPT showedmuch higher
activity toward the four cyclo-Trp-Ala isomers (1a-4a) than
AnaPT and CdpC3PT. Product formation in the range of
62.3%–87.0% was detected in the enzyme assays with
CdpNPT. The comparable activity of CdpNPT toward the
cyclo-Trp-Ala isomers (1a–4a) indicated that CdpNPT exhibited
no obvious preference for L- or D-configured cyclic dipeptides.
In the incubation mixtures with the four cyclo-Trp-Pro isomers
(5a–8a), preferences of AnaPT and CdpC3PT toward substrates
with L-tryptophanyl moiety were also observed (Figure 1B). By
using AnaPT, higher product formation of 15.2% for cyclo-L-
Trp-L-Pro (5a) and 30.0% for cyclo-L-Trp-D-Pro (6a) were
detected, in comparison to 7.1% for cyclo-D-Trp-D-Pro (7a)
and 8.7% for cyclo-D-Trp-L-Pro (8a) (Table 1). CdpC3PT
showed significant higher activity toward cyclo-L-Trp-L-Pro
(5a) and cyclo-L-Trp-D-Pro (6a) with product formation of
88.3% and 76.1%, respectively, approximately three times or
even higher than those for cyclo-D-Trp-D-Pro (7a) and cyclo-
D-Trp-L-Pro (8a). As observed for the cyclo-Trp-Ala isomers
(1a–4a), a relatively higher activity than those of AnaPT and
CdpC3PT was also detected for CdpNPT in the assays with
cyclo-Trp-Pro isomers (5a–8a). Product yields were found in
the range of 68.5%–98.0%.
Detailed inspection of the HPLC chromatograms of the incu-
bation mixtures of 1a–4a with AnaPT and CdpC3PT (Figure 1A)
revealed the formation of one product peak in each assay, i.e.
1b–4b in AnaPT assays and 1c–4c in CdpC3PT assays. One
dominant peak, 3b, was detected in the assay of CdpNPT
with 3a, and two peaks with comparable intensities in assays
of other substrates, i.e. 1b and 1c for 1a, 2b and 2c for 2a
as well as 4b and 4c for 4a. Incubation of AnaPT with cyclo-Chemistry & Biology 20, 1492–150L-Trp-L-Pro (5a) and cyclo-L-Trp-D-Pro (6a) resulted in the
formation of one dominant enzyme product each, 5b or 6b (Fig-
ure 1B). AnaPT catalyzed the formation of two minor product
peaks from cyclo-D-Trp-D-Pro (7a) and one from cyclo-D-
Trp-L-Pro (8a). In the cases of the assays with CdpC3PT, one
dominant product each, 5c or 6c, was detected for cyclo-L-
Trp-L-Pro (5a) and cyclo-L-Trp-D-Pro (6a), respectively. Incu-
bation of CdpC3PT with cyclo-D-Trp-L-Pro (8a) only resulted
in the formation of a minor peak. In the incubation mixtures
with CdpNPT, one dominant product peak each, 6c or 7b,
was observed for cyclo-L-Trp-D-Pro (6a) and cyclo-D-Trp-D-
Pro (7a), while two products each, 5b and 5c or 8b and 8d,
were observed for cyclo-L-Trp-L-Pro (5a) and cyclo-D-Trp-L-
Pro (8a), respectively.
Structure Determination of Enzyme Products
UV detection revealed that 1b–8b and 1c–8c were likely preny-
lated pyrroloindoline diketopiperazines with maximal adsorp-
tions at 205, 240, and 295 nm. The dominant products (1b–4b
and 1c–4c) of the four cyclo-Trp-Ala isomers (1a–4a) catalyzed
by AnaPT and CdpC3PT were isolated on HPLC, respectively,
and subjected to 1H-nuclear magnetic resonance (NMR) and
mass spectroscopy (MS) analyses. Products (1b–4b, 1c, 2c,
and 4c) were also purified from the incubation mixtures with
CdpNPT. 1H-NMR and MS analyses proved that the products
from CdpNPT were identical to those with the same retention
time and the same numbering herewith from AnaPT and
CdpC3PT assays. Similar experiments were also carried out
for the four cyclo-Trp-Pro isomers (5a–8a). Products 5b, 7b,
and 7c from the reaction mixtures of AnaPT, 5c–8c, 7b,
5d, and 6d of CdpC3PT and 5b, 7b, 5c–7c, 6d, and 8d of
CdpNPT were isolated on HPLC and subjected to MS and
NMR analyses.
Positive HR-EI-MS (see Table S1) confirmed the presence of
one dimethylallyl moiety each in 1b–5b, 7b, and 1c–8c by detec-
tion of masses, which are 68 daltons larger than those of the
respective substrates. In the 1H-NMR spectra of all of the
enzyme products taken in CDCl3, signals at dH 5.15–5.07 (2 3
d, 2H-10), 5.94–5.99 (dd, H-20), 1.11–1.14 (s, 3H-40), and 0.99–
1.11 (s, 3H-50) were observed (Table S2), unequivocally proving1, December 19, 2013 ª2013 Elsevier Ltd All rights reserved 1493
Figure 1. HPLC Chromatograms of Incubation Mixtures of cyclo-Trp-Ala (1a–4a) and cyclo-Trp-Pro Isomers (5a–8a) with AnaPT, CdpC3PT,
and CdpNPT
(A) HPLC chromatograms of incubationmixtures of 1a–4awith AnaPT, CdpC3PT andCdpNPT. The assays contained 8 mMof the recombinant enzymes each and
were incubated at 37C for 3 hr. Detection was carried with a Photodiode Array detector and illustrated for absorption at 254 nm. High-resolution electron
ionization-MS and NMR data of the enzyme products are listed in Tables S1 and S2, respectively.
(B) HPLC chromatograms of incubation mixtures of 5a–8a with AnaPT, CdpC3PT, and CdpNPT. The assays contained 8 mM of the recombinant enzymes each
and were incubated at 37C for 3 hr. Detection was carried with a Photodiode Array detector and illustrated for absorption at 254 nm. X, enzyme products with
unknown structures. HR-EI-MS and NMR data of the enzyme products are listed in Tables S1 and S2, respectively. The important HMBC connectivities as well as
NOE correlations of the enzyme products 5b, 5c, and 6c are shown in Figures S2 and S3.
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Mechanism of Stereoselective Prenylationthe presence of a reverse dimethylallyl moiety in their structures
(Yin et al., 2010a, 2010b).
Cross peaks in heteronuclear single quantum coherence
(HSQC) spectra of 5b, 5c, and 6c revealed that the singlets of
H-2 (dH 5.39–5.71, 1H, s) correlated with C-2 (dC 77.2–79.4),
proving the disappearance of the double bond between C-2
and C-3 of the original indole ring. Connectivities from H-2 to
C-11 (dC 59.1–60.5) in the heteronuclear multiple-bond correla-
tion (HMBC) spectra of 5b, 5c, and 6c showed clearly that a
chemical bond between C-2 and N-12 was formed and therefore
the three C3-prenylated products contained a fused five-
membered ring between the indoline and diketopiperazine rings.
In the HMBC spectra of 5b, 5c, and 6c (Figure S2), connectivities
from H-2 of the indoline ring to C-30 (dC 40.8–41.6) of the prenyl
moiety, and from both H-40 (dH 1.11–1.14, 3H, s) and H-50
(dH 0.99–1.01, 3H, s) of the prenyl moiety to C-3 (dC 61.9–62.8)
of the indoline ring, proved unequivocally the attachment of
the dimethylallyl moiety to C-3 of the indoline ring. Nuclear
overhauser effect spectroscopy (NOESY) experiments provided
unambiguous evidences for a cis-configuration between H-2
and C3-prenyl moiety (Figure S3). For example, strong or
medium NOE correlations were observed for H-2 with H-20,
H-40, and H-50 of the dimethylallyl moieties. For compound 5b,1494 Chemistry & Biology 20, 1492–1501, December 19, 2013 ª2013a strong NOE correlation was observed between H-40 of the
prenyl moiety and H-10b, which has the anti-configuration to
the carbonyl moiety at C-11. NOE correlation was not observed
for the protons of the prenyl moiety with H-10a, which has
the syn-configuration to the carbonyl moiety at C-11. Therefore,
H-2 and C3-prenyl moiety must be substituted on the same
side to H-10b, consequently the opposite side of the carbonyl
moiety at C-11 and proving that 5b is an anti-cis configured
prenylated pyrroloindoline diketopiperazine possessing the
(2R,3S,11S)-configuration (Figure 2). In contrast to 5b, weak or
none NOE correlations were observed for protons of the
prenyl moiety with H-10b and H-11 in the spectra of compounds
5c and 6c. Moreover, H-40 of the dimethylallyl moieties showed
a strong or medium NOE correlation with H-10a. Therefore,
H-2 and C3-prenyl moiety of 5c and 6c must be situated
on the opposite side to H-10b, consequently the same side of
the carbonyl moiety at C-11. Products 5c and 6c were therefore
assigned to be syn-cis configured prenylated pyrroloindoline
diketopiperazines with the (2S,3R,11S)-configured core (Fig-
ure 2). Compound 5c was also reported as enzyme product of
the G115T mutant of FtmPT1 (Jost et al., 2010). The NMR data
of 5c corresponded well with those published previously (Jost
et al., 2010).Elsevier Ltd All rights reserved
Chemistry & Biology
Mechanism of Stereoselective PrenylationThe 1H-NMR spectrum of the enzyme product 7b obtained
from substrate 7a was identical to that of 5b obtained from 5a
(Table S2). Considering that 7a is the enantiomer of 5a, 7b,
and 5b should also be enantiomers. The structure of 7b was
therefore assigned to be an (2S,3R,11R)-configured prenylated
product, i.e., anti-cis configured prenylated pyrroloindoline dike-
topiperazine (Figure 2). Similar phenomena were also observed
for the enzyme products 7c and 5c as well as 8c and 6c. It can
be therefore concluded that the prenyl moiety in 7c and 8c has
a syn-configuration to the carbonyl moiety at C-11 (Figure 2).
Detailed inspection of the 1H-NMR spectra revealed signifi-
cant differences between anti-configured (5b and 7b) and syn-
configured derivatives (5c, 6c, and 8c) for the coupling patterns
of H-11 and chemical shift of H-10b. A triplet was detected for
H-11 in 5b and 7b, while a double doublet was observed for
H-11 in 5c, 6c, and 8c. Concerning the chemical shifts for H-
10b, it seems that H-10b in products with an anti-configured
prenyl moiety was downfield shifted approximately 0.25 ppm
in comparison to H-10b in those with a syn-configured prenyl
moiety (Table 2). To understand the observed differences for
H-11 and H-10b, 1H-NMR data of known anti-cis and syn-cis
configured prenylated pyrroloindoline diketopiperazines from
literature and from this study are summarized in Table 2 (Yin
et al., 2010a, 2010b). The observed differences for H-11 and
H-10b in this study can be indeed also found for other product
pairs of known compounds. In addition, similar coupling con-
stants were observed for H-11 in products bearing a prenyl moi-
ety in the same orientation. The coupling constants of H-11 were
approximately 9 Hz for the triplets in anti-cis configured preny-
lated pyrroloindoline diketopiperazines and about 11 Hz and
6 Hz for the double doublets in syn-cis configured prenylated
pyrroloindoline diketopiperazines. Therefore, the 1H-1H vicinal
coupling patterns of H-11 and chemical shifts for H-10b in 1H-
NMR spectra could be used for prediction of the stereochemistry
of cis-configured prenylated pyrroloindoline diketopiperazines.
In the 1H-NMR spectra of the product pairs obtained from the
cyclo-Trp-Ala isomers, triplets with coupling constants of 8.7-
9.1 Hz were observed for H-11 in products 1b–4b, while double
doublets with coupling constants of 11.1-11.2 Hz and 6.2 Hz
were detected for H-11 in 1c–4c. Furthermore, comparison of
the signals in the 1H-NMR spectra of 1b to 1c, 2b to 2c, 3b to
3c, and 4b to 4c revealed that H-10b of the former was downfield
shifted 0.26–0.30 ppm to the latter in respective product pairs.
Thus, 1b–4b and 1c–4c were assigned to be anti- and syn-
cis configured prenylated pyrroloindoline diketopiperazines,
respectively (Figure 2). A literature search revealed that the 1H-
NMRdata of 2c correspondedwell to those published previously
(Depew et al., 1999). Unfortunately, 6b and 8b were very unsta-
ble and their structures could not be elucidated in this study. In
addition to cis-configured prenylated pyrroloindoline diketopi-
perazines, regularly N-prenylated derivatives of cyclo-Trp-Pro
(5d, 6d, and 8d) were also detected in the enzyme assays of
CdpNPT and CdpC3PT, and their structures were confirmed
by 1H-NMR and MS analyses (Tables S1 and S2). In the case
of 8a catalyzed by CdpNPT, the yield of the N-prenylated prod-
uct 8dwas nearly twice of that of 8b, while 5d and 6dwere found
to be much less than the C3-prenylated products in respective
assays. Furthermore, some minor peaks labeled with ‘‘X’’ in
the chromatograms in Figure 1B were found from NMR spectraChemistry & Biology 20, 1492–150of the obtained impure samples to be products with other preny-
lation positions (data not shown). Due to the complexity of the
samples, their structures were not determined in this study.
Comparative Analysis of Stereoselective Prenylation
From the obtained data, it is obvious that the configuration of the
tryptophanyl moiety in the tested cyclic dipeptides has a signif-
icant influence on the attack direction of the indole ring to the
dimethylllalyl cation. AnaPT converted all cyclo-Trp-Ala stereo-
isomers (1a–4a) to anti-cis configured prenylated pyrroloindoline
diketopiperazines (1b–4b). This means that the prenyl moiety
was always attached at the opposite side of the carbonyl moiety
at C-11. Similar phenomena were also observed for assays of
AnaPT with cyclo-L-Trp-L-Pro (5a) and cyclo-D-Trp-D-Pro (7a).
In the incubation mixture with cyclo-L-Trp-L-Pro (5a), only the
product with anti-configured prenylation was detected. Although
both anti- and syn-cis configured prenylated pyrroloindoline
diketopiperazines were isolated from assays of AnaPT with
cyclo-D-Trp-D-Pro (7a), the anti-cis configured product with
94% of the C3-prenylated derivatives (Table 1) was the clearly
dominant product.
1H-NMR spectra confirmed the formation of syn-cis config-
ured prenylated pyrroloindoline diketopiperazines (1c–8c) from
all substrates with CdpC3PT. In the incubation mixture of
cyclo-D-Trp-D-Pro (7a) with CdpC3PT, conversion yields of
C3-prenylated products were very low. In this case, one addi-
tional anti-cis configured prenylated pyrroloindoline diketopi-
perazine 7b was also isolated. These data confirmed that the
stereospecificity of CdpC3PT was also mainly influenced by
the configuration of the tryptophanyl moiety other than the alanyl
or prolyl moiety in the tested cyclic dipeptides. The prenylation
mostly took place at the same side of the carbonyl moiety
at C-11.
It was reported in a previous study that CdpNPT catalyzed
only syn-prenylation of cyclo-L-Trp-L-Pro (5a) (Schuller et al.,
2012). Detailed inspection of the HPLC chromatogram of the
incubation mixture of CdpNPT with 5a revealed that one minor
peak with a ratio of 6: 94 to the syn-cis configured prenylated
pyrroloindoline diketopiperazine 5c with the characteristic UV
absorption of prenylated pyrroloindoline diketopiperazines was
also detected. The minor peak had the same retention time as
the anti-cis configured prenylated pyrroloindoline diketopipera-
zine (5b) produced by AnaPT and was subsequently confirmed
to be an identical structure by the 1H-NMR analysis. Similar
results were also observed for the assays of CdpNPT with
cyclo-D-Trp-D-Ala (3a) and cyclo-D-Trp-D-Pro (7a). In addition
to the anti-cis configured prenylated pyrroloindoline diketopi-
perazines (3b and 7b), one minor peak each (3c and 7c) with a
characteristic UV absorption of prenylated pyrroloindoline dike-
topiperazines was also detected in these assays. The ratios of
the products were found to be about 3: 97 for 3c and 3b and
2: 98 for 7c and 7b in these assays. Products 3c and 7c formed
by CdpNPT had the same retention time with syn-cis configured
prenylated pyrroloindoline diketopiperazines 3c and 7c
formed by CdpC3PT, and thereby could be assigned to syn-
cis configured prenylated pyrroloindoline diketopiperazines. It
seems that CdpNPT showed different stereospecificity toward
the four cyclo-Trp-Ala isomers (1a–4a) and cyclo-Trp-Pro iso-
mers (5a–7a). CdpNPT preferred to catalyze the formation of1, December 19, 2013 ª2013 Elsevier Ltd All rights reserved 1495
(legend on next page)
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Table 2. Signals of H-10b and H-11 in the 1H-NMR Spectra of cis-Configured Prenylated Pyrroloindoline Diketopiperazines from the
Incubation Mixtures of C3-Prenyltransferases with Cyclic Dipeptides
Substrates Enzymes
Products
Configurations H-11, multi. JH11-H10a (Hz) JH11-H10b (Hz) H-10b, dH (ppm) Reference
cyclo-L-Trp-L-Pro AnaPT CdpNPT anti-cis t 8.9 8.9 2.79 this study
cyclo-D-Trp-D-Pro AnaPT
CdpC3PT
CdpNPT anti-cis t 8.9 8.9 2.79 this study
cyclo-L-Trp-L-Leu AnaPT – anti-cis t 8.5 8.5 2.81 Yin et al., 2010a
cyclo-L-Trp-L-Trp AnaPT – anti-cis t 9.2 9.2 2.79 Yin et al., 2010a
cyclo-L-Trp-L-Phe AnaPT – anti-cis t 9.2 9.2 2.81 Yin et al., 2010a
cyclo-L-Trp-L-Tyr AnaPT – anti-cis t 8.8 8.8 2.81 Yin et al., 2010a
cyclo-L-Trp-Gly AnaPT – anti-cis t 9.0 9.0 2.84 Yin et al., 2010a
cyclo-L-Trp-L-Ala AnaPT CdpNPT anti-cis t 8.7 8.7 2.81 this study
cyclo-L-Trp-D-Ala AnaPT CdpNPT anti-cis t 9.1 9.1 2.87 this study
cyclo-D-Trp-D-Ala AnaPT CdpNPT anti-cis t 8.8 8.8 2.81 this study
cyclo-D-Trp-L-Ala AnaPT CdpNPT anti-cis t 9.2 9.2 2.87 this study
cyclo-L-Trp-L-Pro CdpC3PT CdpNPT syn-cis dd 6.7 10.8 2.54 this study
cyclo-L-Trp-D-Pro CdpC3PT CdpNPT syn-cis dd 5.3 12.0 2.51 this study
cyclo-D-Trp-L-Pro CdpC3PT – syn-cis dd 5.3 12.0 2.51 this study
cyclo-L-Trp-L-Leu CdpC3PT CdpNPT syn-cis dd 5.1 10.5 2.55 Yin et al., 2010b
cyclo-L-Trp-L-Trp CdpC3PT CdpNPT syn-cis dd 6.2 11.1 2.52 Yin et al., 2010b
cyclo-L-Trp-L-Phe CdpC3PT CdpNPT syn-cis dd 6.2 11.2 2.52 Yin et al., 2010b
cyclo-L-Trp-L-Tyr CdpC3PT CdpNPT syn-cis dd 6.1 10.7 2.52 Yin et al., 2010b
cyclo-L-Trp-Gly CdpC3PT CdpNPT syn-cis dd 5.9 11.0 2.56 Yin et al., 2010b
cyclo-L-Trp-L-Ala CdpC3PT CdpNPT syn-cis dd 6.2 11.1 2.55 this study
cyclo-L-Trp-D-Ala CdpC3PT CdpNPT syn-cis dd 6.2 11.2 2.57 this study
cyclo-D-Trp-D-Ala CdpC3PT CdpNPT syn-cis dd 6.5 10.9 2.55 this study
cyclo-D-Trp-L-Ala CdpC3PT CdpNPT syn-cis dd 6.2 11.3 2.57 this study
H-10a and H-10b have the syn- and anti-configuration to the carbonyl moiety at C-11, respectively. For NMR data of the enzyme products reported in
this study, see Table S2.
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(5c and 6c) from cyclo-L-Trp-L-Pro (5a) and cyclo-L-Trp-D-Pro
(6a), and an anti-cis configured prenylated pyrroloindoline dike-
topiperazine (7c) from cyclo-D-Trp-D-Pro (7a) as major prod-
ucts. A main product (3b) with anti-configured prenyl moiety
was observed in the assay with cyclo-D-Trp-D-Ala (3a), while
product yields of derivatives with syn- and anti-configured prenyl
moiety were comparable in the assays with cyclo-L-Trp-L-Ala
(1a), cyclo-L-Trp-D-Ala (2a), and cyclo-D-Trp-L-Ala (4a). It is
likely, in contrast to AnaPT and CdpC3PT, that not the configu-
ration of amino acid moiety in the tested cyclic dipeptides, but
the size of the second amino acid moiety plays an important
role for the stereospecificity of CdpNPT. The size reduction
from cyclo-Trp-Pro (5a–8a) to cyclo-Trp-Ala (1a–4a) led to lower
stereoselectivity of CdpNPT.
Crystallographic Analysis of Indole Prenyltransferases
To obtain insight into the diastereoselectivities of AnaPT and
CdpNPT, we crystallized AnaPT and determined its structureFigure 2. Prenyl Transfer Reactions Catalyzed by AnaPT, CdpC3PT, an
Only C3-prenylated products with yields of more than 3% are illustrated. Due to th
study. The b-configuration (2S, 3R, or 11S) is shown in blue, while the a-configura
CdpC3PT, and CdpNPT are shown in Figure S1.
Chemistry & Biology 20, 1492–150to a resolution of 2.83 A˚ (Figure 3; Table 3). AnaPT exhibits the
ABBA-fold, with FgaPT2 and CdpNPT as the closest structural
homologs (Ca-rmsd of 1.9 A˚ in both cases; Holm and Rose-
nstro¨m, 2010). Unfortunately, our attempts to generate a ternary
complex of AnaPT with cyclic dipeptides or derivatives thereof
and dimethylallyl S-thiolodiphosphate (DMSPP) failed. However,
we were able to obtain a complex with thiolodiphosphate, the
hydrolysis product of DMSPP, which clearly shows that the
highly conserved diphosphate binding site is similar to the bind-
ing mode found in CdpNPT, FgaPT2, and FtmPT1 (Figure 3).
Therefore, the diastereoselectivity of the prenylation is not
dependent on the diphosphate binding site.
Currently, three ternary complexes of indole prenyltrans-
ferases are available. These are DMSPP complexes of FgaPT2
with L-tryptophan (Metzger et al., 2009), FtmPT1 with breviana-
mide F (Jost et al., 2010), and CdpNPT in complex with (S)-ben-
zodiazepinedione [(S)-BDZM] (Schuller et al., 2012). Of these, the
ternary complexes of FtmPT1 and CdpNPT form a solid basis for
understanding the reaction mechanism of prenyltransferasesd CdpNPT toward 1a–4a and 5a–8a
eir low stability, it was not possible to identify the structures of 6b and 8b in this
tion (2R, 3S, or 11R) is drawn in red. The known reactions catalyzed by AnaPT,
1, December 19, 2013 ª2013 Elsevier Ltd All rights reserved 1497
Table 3. Data Collection and Refinement Statistics
AnaPT
Data Collection Statistics
Resolution (A˚) 40–2.83
Spacegroup P21
Unit cell a = 97.550 A˚, b = 242.590 A˚,
c = 145.320 A˚, b = 89.99
No. of reflections
Measured 622,708 (44,516)
Unique 160,059 (11,820)
Rmeas (%) 10.4 (82.9)
CC(1/2) 99.6 (56.2)
Completeness (%) 99.8 (99.9)
Multiplicity 3.9 (3.8)
<I >/< s(I) > 13.6 (2.0)
Mosaicity () 0.129
Refinement Statistics
Rcryst/Rfree ( %) 20.2 / 20.2
No. of atoms
Chains A–O 48,819
Thiolodiphosphate 144
Average B-factors (A˚2)
Chains A–O 62.9
diphosphates chains A-O 40.6
Rmsd bond length (A˚2) 0.005
Rmsd bond angle () 0.859
Ramachandran angles
Favored (%) 98.4
Allowed (%) 1.6
Outliers (%) –
Values in parentheses are for the highest resolution shell. Data set is
pseudo-merohedral twinned and was refined with twin law -h,-k,l as
implemented in REFMAC5. The secondary structure elements of AnaPT
are shown in Figure S4.
Figure 3. The Overall Structure of AnaPT
Colored by Ca-rmsd to CdpNPT from blue (Ca-rmsd 0.1 A˚) to red (Ca-rmsd
larger than 4.0 A˚). Active site residues are shown in stick representation (violet).
See also Figure S4.
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Mechanism of Stereoselective Prenylationwith cyclic dipeptides. Unfortunately, in all complexes the indole
moiety is oriented in the same manner toward the dimethylallyl
half-space. These complexes are in perfect agreement with the
observed formation of (2S,3R)-configured prenylated pyrroloin-
doline diketopiperazines found for CdpNPT with (S)-BDZM,
CdpC3PT, and FtmPT1 with cyclic dipeptides (Wollinsky et al.,
2012b), but contradict with our analysis for any kind of (2R,3S)-
configured prenylated product of AnaPT, CdpC3PT, or CdpNPT.
To obtain such a configuration, the electrophillic attack of the
prenyl entity would have to occur from the opposite half-space
of the indole entity.
Our product analysis showed that catalysis of CdpNPT has a
very relaxed stereospecificity for the cyclo-Trp-Ala stereoiso-
mers, but selectivity increases with the size and rigidity of
the second peptide in substrates, i.e. cyclo-Trp-Pro isomers. In
contrast to CdpNPT, in which catalysis is performed preferably
from the same half-space of the indole entity to yield the
(2S,3R)-configured prenylated product (at least for the larger
substrates cyclo-Trp-Pro isomers), CdpC3PT and AnaPT are
much more stereoselective, and moreover sensitive to the
configuration of tryptophan in isomers of both cyclo-Trp-Ala
and cyclo-Trp-Pro. Apart from cyclo-D-Trp-D-Pro (7a), all
reactions are strictly selective, and catalysis by CdpC3PT
yields syn-cis configured prenylated products, i.e. products pos-
sessing (2S,3R)-configuration from dipeptides containing a L-
tryptophanyl moiety, whereas the conversion of substrates
with D-tryptophanyl moiety leading to (2R,3S)-configured preny-
lated products. AnaPT shows an exactly reverse selectivity.
Furthermore, free rotation of the residue at C-14 of the diketo-
piperazine ring is important for the stereoselectivities observed in
this study. In comparison to those for BDZMs observed in a pre-1498 Chemistry & Biology 20, 1492–1501, December 19, 2013 ª2013vious study (Yin et al., 2009a), here we found different stereose-
lectivities of a given enzyme for the tested diketopiperazines. In
that case, AnaPT introduced a prenyl moiety from different sides
of the carbonyl moiety at C-11 on (R)- and (S)-BDZM, so that
different prenylation took place in these reactions, resulting in
the formation of syn-cis and anti-cis configured aszonalenin,
respectively (Figure S1B). In contrast, CdpNPT introduced the
prenyl moiety from the opposite sides of those in the AnaPT
reactions, resulting in the formation of the other two anti-cis
and syn-cis configured isomers (Figure S1B). In all four reactions,
only oneof the four stereoisomers eachwasdetected asproduct.
We therefore compared all available structures of indole pre-
nyltransferases and performed a structure-based sequence
comparison. The active site of AnaPT is most similar to that
found in CdpNPT (Figure 4A). The diphosphate binding sites of
both enzymes are virtually identical. Point mutations of only three
residues, Q355K, A421S, and T424S, would replace the diphos-
phate binding site of AnaPT with that of CdpNPT. At the cyclic
dipeptide binding site the loop a6b3 is oriented toward theElsevier Ltd All rights reserved
Figure 4. Active Sites and Proposed Reac-
tion Model of AnaPT
(A) Active site comparison of AnaPT with CdpNPT.
The b-barrel is shown in gray. Active site residues
are shown for AnaPT (violet) and for CdpNPT
(black). Moreover, the substrates of FgaPT2
(tryptophan, orange), CdpNPT ([S]-BDZM, yellow),
and FtmPT1 (Brevianamide F, cyan) are super-
imposed into the active site of AnaPT.
(B) Proposed reaction model for the electrophillic
attack of dimethylallyl diphosphate to cyclo-Trp-
Pro to yield the (2S,3R)-configured prenylated
product (gray) or the (2R,3S)-configured preny-
lated product (green). Sequence alignment of
AnaPT and CdpNPT is shown in Figure S4.
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Mechanism of Stereoselective Prenylationreaction center in the AnaPT structure, thereby closing the bind-
ing pocket, in which the (S)-BDZM of CdpNPT takes place. Res-
idue Q192 would in fact clash with the substrate (S)-BDZM, if it is
bound in the orientation observed in CdpNPT. Assuming that no
large conformational change occurs in AnaPT upon ligand bind-
ing, the cyclic dipeptides therefore have to bind to the enzyme in
an orientation that is rotated toward the exit of the b-barrel. This
is possible as the space in this area is increased due to substitu-
tion of M349 in CdpNPT to V340 in AnaPT. Of particular interest
are the structural differences of residues in direct contact with
the indole moiety. It has been shown that even small changes
in the indole binding pocket are crucial for the regio- and chemo-
selectivity of the prenylation reaction (Jost et al., 2010). Structur-
ally obvious differences around the indole binding site occur at
positions F103, G126, F212, I266, V340, and W410. These resi-
dues are replacedwith slightly larger amino acids in CdpNPT and
CdpC3PT, thereby decreasing the size of the indole binding site
for CdpNPT and CdpC3PT compared to AnaPT (Figure S4). ItChemistry & Biology 20, 1492–1501, December 19, 2013 ªremains unclear as to how exactly these
sequence differences influence the
configuration of the tryptophanyl moiety
to direct the selectivity of the electrophil-
lic attack for AnaPT and CdpC3PT with
cyclo-Trp-Ala and cyclo-Trp-Pro isomers
toward anti-cis and syn-cis configured
prenylated products, respectively.
A detailed inspection of our biochem-
ical data and the available structural
complexes of CdpNPT, FgaPT2, and
FtmPT1 suggests two possible scenarios
that might be responsible for the stereo-
selectivity of AnaPT. The catalytic stereo-
specificity might be a result of a different
reaction mechanism including several
potential rearrangements after the initial
electrophillic attack resulting in the final
anti-cis product. This scenario is unlikely
as it would contradict the perfect diaster-
eoselectivity observed for AnaPT by such
a rearrangement mechanism. We favor a
mechanism that is based on a different
binding mode of the indole moiety inside
the active center of AnaPT and CdpNPT(Figure 4B) to obtain anti-cis configured products. This includes
a rotation of both p-systems of the educts by 90 to facilitate
an electrophillic attack. Although our biochemical data clearly
reveal that the configuration of the tryptophanyl moiety of
cyclo-Trp-Ala and cyclo-Trp-Pro isomers controls stereoselec-
tivities of AnaPT and CdpC3PT catalyzed reactions, the struc-
tural features underlying this observation remain somewhat
ambiguous. AnaPT clearly has an enlarged binding site for the
indole ring compared to closely related enzymes. It therefore
seems possible that the larger binding site facilitates different
orientations of the indole ring to allow attacks from different
half-spaces and achieve different products.
SIGNIFICANCE
AnaPT and CdpC3PT exhibit distinct stereospecific prefer-
ences toward the four stereoisomers of cyclo-Trp-Ala and
cyclo-Trp-Pro and catalyze the formation of anti-cis and2013 Elsevier Ltd All rights reserved 1499
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zines, respectively. The configuration of the tryptophanyl
moiety in the tested cyclic dipeptides strongly influences
the prenylation orientation of the AnaPT and CdpC3PT
reactions, but not that of the CdpNPT reactions. With an
exception of CdpC3PT toward cyclo-D-Trp-D-Pro (7a), the
stereoselectivities of the AnaPT and CdpC3PT reactions
were over 94% in incubation mixtures with different stereo-
isomers and complemented each other. In comparison to
AnaPT and CdpC3PT, CdpNPT catalyzes both syn- and
anti-substitution of the prenyl moiety showing a lower ster-
eoselectivity, but higher conversion yields toward most of
the tested substrates. Therefore, CdpNPT could be useful
for prenylation of poor substrates of AnaPT and CdpC3PT.
The crystal structure of AnaPT provides a useful template
for the rationalization of the specificity of the AnaPT reaction
and in particular highlights its unusually enlarged reaction
chamber.
EXPERIMENTAL PROCEDURES
Chemicals
Dimethylallyl diphosphate (DMAPP) was prepared according to the method
described for GPP (Woodside et al., 1988). Synthesis of the four cyclo-Trp-
Ala isomers (1a–4a) and cyclo-Trp-Pro isomers (5a–8a) was done according
to the method published previously (Wollinsky et al., 2012a; Yin et al., 2013).
Overproduction and Purification of the Recombinant Proteins as
well as Enzyme Assays with Recombinant Purified Proteins
AnaPT, CdpNPT, and CdpC3PT were overproduced in Escherichia coli and
purified as described (Yin et al., 2007, 2009b, 2010b). The enzymatic reaction
mixtures (100 ml) for determination of the relative activities with different tryp-
tophan-containing cyclic dipeptides contained 50 mM Tris-HCl (pH 7.5),
10 mM CaCl2, 1 mM substrate, 2 mM DMAPP, 0.15%–2% (v/v) glycerol, 5%
(v/v) DMSO, and 8 mM of purified recombinant protein. The reaction mixtures
were incubated at 37C for 3 hr. The enzyme reactions were terminated by
the addition of 100 ml methanol per 100 ml reaction mixture. Enzyme assays
were carried out in duplicate and the values of the duplicate assays diverged
less than 4%. Enzymatic assays for isolation of the enzyme products con-
tained 2 mM DMAPP, 1 mM cyclic dipeptide, 10 mM CaCl2, 50 mM Tris-HCl
(pH 7.5), and 4 mM of purified recombinant protein. The reaction mixtures
were incubated at 37C for 16 hr and extracted subsequently with ethyl ace-
tate. After evaporation of the solvent, the residues were dissolved in methanol
and purified on HPLC.
HPLC Conditions for Analysis and Isolation of Synthetic Products
The enzyme products of the incubation mixtures were analyzed on HPLC with
an Agilent series 1200 by using a Multospher 120 RP-18 column (2503 4 mm,
5 mm, C+S Chromatographie Service, Langerwehe, Germany) at a flow rate of
1 ml/min. Water (solvent A) and acetonitrile (solvent B), each containing 0.5%
(v/v) trifluoroacetic acid, were used as solvents. For analysis of enzyme prod-
ucts, an isocratic condition with 37% (v/v) solvent B in 30 min was used. The
column was then washed with 85% solvent B for 5 min and equilibrated with
37% (v/v) solvent B for 5 min. Detection was carried out by a photodiode array
detector at 254 nm.
For isolation, the same HPLC equipment with a Multospher 120 RP-18
column (250 3 10 mm, 5 um, C+S Chromatographie) at a flow rate of
2.5 ml/min was used. Water (solvent C), acetonitrile (solvent D), and methanol
(solvent E) without acid were used as solvents. If necessary, repeated chroma-
tography was carried out with different gradients, usually from 34% to 37%
solvent D in C or 50% to 65% solvent E in C in 40–120 min.
Crystallization and Structure Determination
Initially, the AnaPT structure was determined using the construct pWY22 (Yin
et al., 2009b). We obtained plate-like crystals diffracting to 2.9 A˚ resolution1500 Chemistry & Biology 20, 1492–1501, December 19, 2013 ª2013(data not shown). Although we were not able to reproduce these crystals,
we identified the first 28 N-terminal amino acids to be flexible because they
did not show any electron density. We therefore optimized our construct for
crystallization (AnaPTcut) to start with amino acid Q29. The construct carrying
the truncated gene anaPTcut was created according to the one-step site
directed mutagenesis protocol (Liu and Naismith, 2008) by using pWY22
(Yin et al., 2009b) as template. The primers were AnaPTcut-fw (50-AATTAAG
CATGCAACTGCCGTGGAAGGTGCTGGGGAAATCGCT-30) and AnaPTcut-rv
(50-CGGCAGTTGCATGCTTAATTTCTCCTCTTTAATGAATTCTGTGTGAA-30).
The underlined letters in AnaPTcut-fw represent base pairs 85–116 in anaPT,
and the bold letters show the overlapping region of the primers. Differing
from the PCR reaction and DpnI treatment in the protocol (Liu and Naismith,
2008), 2.5 units of High-Fidelity DNA polymerase (Roche Diagnostics), 16
cycles (94C, 1 min; 55C, 1 min; 68C, 5 min 30 s) as well as 10 units DpnI
for 5 hr were used. Protein purification was performed in the same manner as
described for the full-length protein.
Tangly crystals were obtained by mixing protein solution (7.5 mg/ml) with
crystallization buffer (100 mMMES/imidazole pH 6.5, 18%–22% [v/v] ethylene
glycol, 9%–11% [w/v] PEG8000, 80–160 mM alcohol mix; Gorrec, 2009) in a
1:1 ratio at 20C. Crystals were then transferred into the soaking buffer, which
included dimethylallyl thiolodiphosphate (1 mM) and (R)-BDZM (0.5 mM), and
incubated for 16 hr prior to flash-freezing in liquid nitrogen. Data collection was
performed at beamline X10SA at the Swiss Light Source.
Data were reduced using the XDS/XSCALE package (Kabsch, 2010). Crys-
tals are twinned with twinning fraction of 0.46 and belong to space group P21
with unit cell parameters a = 97.550 A˚, b = 242.590 A˚, c = 145.320 A˚ and b =
89.98. Initial phases were obtained by molecular replacement using PHASER
(McCoy et al., 2007) with a model of FtmPT1 modified by CHAINSAW (Winn
et al., 2011; Jost et al., 2010) followed by simulated annealing refinement using
PHENIX.refine (Adams et al., 2010). The structure was then refined further us-
ing COOT (Emsley et al., 2010) and twin refinement as implemented REFMAC5
(Murshudov et al., 1997). We found substantial electron density at the pyro-
phosphate binding site resulting from thiolodiphosphate, but unfortunately
could not detect any reasonable electron density feature at the aromatic bind-
ing pocket. The structure model was refined to good R-factors and excellent
geometry. Structure validation was performed using MOLPROBITY (Chen
et al., 2010). Libraries and coordinate files for molecular modeling of the
stereoisomers of cyclo-Trp-Pro and cyclo-Trp-Ala were generated using
PRODRG server (Schu¨ttelkopf and van Aalten, 2004). Figures are generated
with PYMOL (http://www.pymol.org/).
NMR Spectroscopic Analysis, and High-Resolution Mass Spectra
NMR spectra were recorded on a JEOL ECX-400, Bruker Avance 500 MHz
or Bruker Avance 600 MHz spectrometer. Products in low amounts were dis-
solved in 0.2 ml of CDCl3, and subsequently filled into 3 mm NMR tubes. Data
from 256 scans were collected for each 1H-NMR spectrum. Chemical shifts
were referenced to the signal of CDCl3 at 7.26 ppm. All spectra were pro-
cessed with MestReNova 5.2.2. The isolated products were also analyzed
by mass spectroscopy on a Q-Trap Quantum (Applied Biosystems) using an
Auto SPEC with an electron impact (HR-EI) mode. Positive HR-EI-MS data
are given in Table S1.
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